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© A single sensor is provided as part of a fiberop- 
tic probe to measure up to three parameters, namely 
pressure (or force or displacement), temperature, 
and heat flow or fluid velocity. A solid elastomeric 
optical element is formed at the end of an optical 
fiber transmission medium, and adjacent light reflec- 
tive and temperature dependent materials are 
formed on the resulting convex surface of the optical 
element. The amount of light reflected is proportional 
to the force or pressure against the element. The 
temperature dependent material is preferably a lu- 
minescent material. Over the luminescent material is 
formed a layer of material that is absorptive of 
infrared radiation, thereby allowing a determination 
of characteristics of heat or fluid flow by measuring 
the rate at which heat is carried away from the 
infrared heated layer. The sensor can be formed at 
the end of a single optical fiber, thereby having 
extensive applications where a very small sensor is 
required. One such application is a medical or clini- 
cal one, where the sensor is mounted in a catheter 
for providing pressure, flow and temperature of the 
blood in a blood vessel. 
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THREE-PARAMETER OPTICAL FIBER SENSOR AND SYSTEM 



Background of the Invention 

This invention relates generally to techniques 
and systems for measuring one or more param- 
eters with optical fiber sensors. 

During the mid to late 1970*5. many sugges- 
tions and development efforts were directed toward 
measuring various parameters with a specially de- 
signed optical sensor provided at an end of a 
length of optical fiber, the other end of which is 
connected to a measuring electro-optical instru- 
ment. Much of this work was motivated by the 
desire to provide a non metallic sensor that could 
be used in the presence of electromagnetic fields 
without either the measurement being affected by 
the fields or the sensor itself perturbing the fields. 

U.S. Patent No. 4.016.761 - Rozzell et a!. 

(1977) describes the use of liquid crystal material 
as a temperature sensor, such a material having a 
varying absorptive characteristic as a function of 
temperature. U.S. Patent No. 4.140.393 - Cetas 
(1979) proposes the use of birefringement material 
as a temperature probe. U.S. Patent No. 4.136.566 
-Christensen (1979) suggests the use of the tem- 
perature dependent light absorption characteristics 
of gallium arsenide for a temperature sensor. U.S. 
Patent No. 4.179.927 - Saaski (1979) proposes a 
gaseous material having a temperature dependent 
light absorption. 

U.S. Patent No. 4.075.493 - Wickersheim 

(1978) suggests the use of a luminescent material 
as a temperature sensor, exciting radiation of one 
wavelength range being passed along the optical 
fiber from the measuring instrument, and tempera- 
ture dependent luminescent radiation being emitted 
from the sensor back along the communicating 
optical fiber for detection and measurement by the 
instrument. It is the luminescent sensor technology 
which has found the greatest commercial applica- 
bility in fiber optic measurements, primarily for 
reasons of stability, wide temperature range, ability 
to minimize the effect of non-temperature light vari- 
ations, small sensor size and the like. An example 
of a current commercial technology is given in U.S. 
patent No. 4.652.143 - Wickersheim et al. (1987). 

Optical fiber temperature measurement tech- 
niques have been pursued for use primarily in 
applications where traditional electrical temperature 
sensors, such as thermistors and thermocouples, 
do not function well. One such application is in a 
strong radio frequency or microwave field, as pre- 
viously mentioned. An example of this is a mea- 
surement of the temperature of an object being 
heated by a microwave field in an industrial heat- 
ing, drying or curing application. Another example 



is the measurement of temperature of a human by 
implanting a sensor within an area of the body 
being heated by microwave energy, such as is 
used in the cancer treating hyperthermia tech- 

5 niques. 

As the fiber optic temperature measurement 
technology has become commercially accepted, 
there has been a growing demand for similar de- 
vices that measure additional parameters, such as 

w flow, pressure, index of refraction, or humidity. An 
example of a luminescent fiberoptic probe that can 
be used to measure the velocity of fluid flow, 
among other related parameters, is given in U.S. 
Patent No. 4.621.929 - Phillips (1986). Infrared radi- 

rs ation is directed to the sensor along the optical 
fiber and is absorbed by a layer of material pro- 
vided for that purpose. Once heated, the sensor is 
then allowed to be cooled by a flow of fluid, such 
cooling being measured by the luminescent sen- 

20 sor. The rate of cooling is proportional to the heat 
transfer characteristics and flow of the surrounding 
liquid. 

U.S. Patent No. 4.752.141 - Sun et al. (1988) 
describes a luminescent sensor for simultaneously 

25 measuring pressure and temperature. An 
elastomeric optical element is attached to an end 
of an optical fiber with luminescent material being 
coated on an outer convex surface of the optical 
element. Force supplied to compress the optical 

30 element deforms the luminescent coated surface 
and thus affects the luminescent optical signal in a 
way that can be used to detect the magnitude of 
such force independent of. and simultaneously 
with, temperature. 

35 It is a primary object of the present invention to 

provide improvements in both single parameter and 
multi-parameter optical sensing technology. 

It is also an object of the present invention to 
provide optical fiber sensors that are particularly 

40 useful in medical applications. In this connection, it 
is an object of the present invention to measure 
several useful parameters with a single sensor hav- 
ing as small a dimension as possible. 

45 

Summary of the Invention 

These and additional objects are accomplished 
by the various aspects of the present invention, 
so wherein, briefly and generally, up to three different 
parameters may be measured by use of single 
sensor that can be constructed on the end of a 
single optical fiber. 

The three parameters are temperature, pres- 
sure and flow. The ability to measure these three 
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parameters in such a small sensor has great ap- 
plicability in medical applications, such as use in a 
catheter where space is very limited. 

According to one specific aspect of the present 
invention, pressure (or one of its related param- 
eters, force or displacement) is measured by re- 
flecting light from a surface in the sensor whose 
curvature changes in response to a change in 
pressure being experienced by the sensor. In a 
preferred form, an optical element formed from an 
elastomeric material is attached to an end of an 
optical fiber and has an non-planar outer surface 
thereof that is at least partially covered with a 
reflecting material. 

According to another specific aspect of the 
present invention, a simultaneous temperature 
measuring capability is provided by either forming 
a temperature dependent optical element on the 
deformable surface around and adjacent to the 
reflecting material, or. in the case where that tem- 
perature dependent element is luminescent ma- 
terial, that material itself may be made to be reflec- 
tive. In either case, it is preferred that radiation in 
different wavelength bands be directed against the 
sensor, one for each of the parameters being mea- 
sured. This provides easily separable optical sig- 
nals for each of the parameters being measured. 

According to a third aspect of the present 
invention, a third parameter such as heat flow or 
fluid velocity is measured by coating the optical 
temperature measuring element with material that 
readily absorbs infrared radiation. After the sensor 
is heated by infrared radiation being passed 
through the communicating optical fiber, the char- 
acteristics of its cooling from the surrounding fluid 
flow is measured with the optical temperature sen- 
sor. 

In a preferred form of this three-parameter sen- 
sor, the deformable, non-planar surface of the sen- 
sor optical element is provided with three layers, 
one on top of each other, one layer for each of the 
parameters being measured. In this form, inter- 
rogating light radiation is directed from the instru- 
ment to the sensor in a different wavelength band 
for each such parameter. 

Additional objects, advantages and features of 
the present invention will become apparent from 
the following description of its preferred embodi- 
ments, which description should be taken in con- 
junction with the accompanying drawings. 

Brief Description of the Drawings 

Figure 1 is a sectional view of one embodi- 
ment of sensor according to the present invention; 

Figure 2 is an end view of the sensor of 
Figure 1, with portions removed, taken along a 



897 A2 4 



curved surface indicated by the section 2-2 thereof; 

Figure 3 shows a sectional view of a sensor 
according to another embodiment of the present 
invention; 

5 Figure 4 shows one variation of either of the 

sensor embodiments of Figures 1 or 3; 

Figure 5 shows another variation of either of 
the embodiments of Figures 1 or 3; 

Figure 6 is a schematic diagram of an 
io electro-optical instrument with which any of the 
embodiments and variations thereof illustrated in 
Figures 1 -5 can be used; and 

Figure 7 shows the wavelength bands oc- 
cupied by various of the optical signals In the 
75 system of Figure 6. 

Description of the Preferred Embodiment s 

Figure 1 is a sectional view of an optical fiber 
20 sensor according to one embodiment of the 
present invention. A sensor 11 is attached to an 
end of an optical fiber 13. The optical fiber 13 is of 
a readily commercially available type, having a 
core 15 that is surrounded by a cladding 17. A 
25 usual outer protective jacket is not illustrated in 
these drawings. A central axis 19 of the optical 
fiber 13 is indicated for discussion purposes. The 
sensor 1 1 is attached directly to the core 1 5 at the 
fiber end. 

30 The sensor 11 includes an optical element 21 

as a principal component. The element 21 is made 
from a compressible, elastomeric material and is 
formed into an approximately hemispherical shape, 
resulting in a convex outer surface 23. On that 

35 surface are provided three additional layers, one for 
each of the parameters that the sensor of Figure 1 
is designed to measure. A reflective coating 25 is 
applied directly to the convex surface 23. The 
reflective layer 25 is used to measure pressure or 

40 the related quantities of force or displacement. A 
layer 27 of a temperature dependent optical sens- 
. ing material is coated over the reflective layer 25 
and any remaining exposed portions of the surface 
23 of the element 21. The layer 27 is used to 

45 measure temperature. Finally, a layer 29 of infrared 
absorbing material is coated over the temperature 
sensing layer 25. and is used in conjunction with 
measurement of flow and the like. 

The optical element 21 is preferably made to 

so be substantially optically clear and have a refrac- 
tive index that is substantially the same as that of 
the optical fiber core 15. The element 21 is made 
of an elastomeric material that is deformed when 
force is applied to opposite sides thereof. Such a 

55 force, in the course of deforming the elastomeric 
element 21, changes the curvature of its outer 
surface 23, and thus affects the level of optical 
coupling between the reflective layer 25 and the 



EP 0 392 897 A2 



optical fiber 13. This variable coupling, as a func- 
tion of the force or pressure applied to the sensor 
11. provides a detectable variation in the proportion 
of incident light in the fiber 13 that is returned by 
the element 25 back along the fiber 13. 

Material used for the element 21 should have a 
memory, That is, the material should return to its 
original,: uncompressed shape shown in Figure 1 
when force ^against it is removed. The elasticity and 
compression 'Strength is chosen for the element 21 
to be consistent with the range of forces or pres- 
sures to be measured. 

A silicone elastomer manufactured and sold by 
Dow Corning under their number 96-083 is a sat- 
isfactory material for use in forming the element 
21. In order to form the element 21 on the end of 
the optical fiber 13, the elastomeric material is first 
spread in a liquid state on a glass plate in a layer 
that approximates the maximum thickness of the 
element 21. The free end of the fiber 13 is then 
brought into contact with the elastomeric material 
layer. Since the material has good properties of 
adhesion to the fiber core and cladding, a portion 
of the elastomeric material layer attaches itself to 
the end of the fiber 13. When the fiber end is 
pulled back from the liquid layer, the convexly 
shaped element al, as shown in Figure 1. is the 
result. The elastomer is then cured by placing it in 
a heated ;oven. 

The^ reflective layer 25 is preferably a non- 
metallic; white coating. Since a significant advan- 
tage of optical fiber measuring techniques is that 
the sensors can be used in high level electromag- 
netic fields without themselves being heated and 
without .perturbing the field, it is undesirable to add 
any metallic or magnetic material to the sensor. 

It will be noted from Figure 2 that the reflective 
coating 25 is made circular in shape to have a 
center approximately coincident with the axis 19 of 
the optical fiber 13 and it only covers a portion of 
the exposed convex surface 23 of the optical ele- 
ment 21: In the specific embodiment of Figure 1, 
the optical temperature sensing layer 27 is allowed 
to communicate through that portion of the surface 
23 which is around the opaque reflective coating 
25. But even in a useful single-parameter variation 
of the sensor of Figure 1 , wherein the temperature 
sensitive optical layer 27 and infrared absorbing 
layer s are not utilized, it is desirable to limit the 
reflective coating to the portion of the circuit 23 
whosecdeformation is the greatest over the range of 
expected applied forces. It will be recognized that 
coating, of the surface 23 near its outer edge will 
form-ia-: significant area where the amount of light 
reflected back into the optical fiber will vary very 
little -as the element 21 is compressed and the 
shape-jof the surface 23 is changed. 

The-; temperature sensing material 27 can op- 



erably be formed of any of the several materials 
discussed earlier in this application as having been 
suggested by others for use in optical temperature 
measuring probes. However, a luminescent ma- 

5 terial is preferred. Excitation radiation of one 
wavelength strikes the layer 27 in its region sur- 
rounding the opaque reflective material 25, and the 
temperature dependent luminescent emissions are 
communicated back along the fiber at a different 

w wavelength. A preferred luminescent material is 
that described in aforementioned U.S. Patent No. 
4,652,143. the disclosure of which is expressly 
incorporated herein by reference. The luminescent 
material is preferably in the form of particles that 

75 are held together by a substantially optically clear 
binder, the binder preferably being the same ma^ 
terial as the optical element 21 . 

This specific luminescent layer 27 itself ab- 
sorbs very little infrared radiation. Any infrared radi- 

20 ation passed along the optical fiber 13 passes 
through it to reach the absorbing layer 29 in the 
regions around the reflective spot 25. An example 
of such an infrared absorbing material is a low 
density carbon filled or black pigmented resin. In 

25 measuring flow of a fluid in which the sensor 1 1 is 
immersed, the layer 29 is first heated by directing 
infrared radiation along fiber 13 against the sensor 
11. When the infrared radiation is turned off, the 
temperature decrease of the sensor 11 is mon- 

30 itored by the temperature dependent luminescent 
layer 27. The manner in which this is accomplished 
is described, more completely in aforementioned 
U.S. Patent No. 4,621 .929. the disclosure of which 
is expressly incorporated herein by reference. 

35 A significant advantage of the sensor of Fig- 

ures 1 and 2 is that three parameters can be 
measured by the single, small sensor. Although a 
multiple fiber bundle can be utilized, the single 
fiber 13 is preferred in order to minimize the size 

40 of the sensor while still permitting enough optical 
signal to pass along it. A diameter of the single 
fiber end, and thus of the sensor also, can easily 
be made to be less than one millimeter, and even 
less than one-half millimeter, if necessary. The 

45 ability to optically measure three parameters with 
such a small sensor has particular advantages in 
medical applications where up to three separate 
sensors would otherwise have to be utilized to 
obtain the same measurements. 

so The sensor of Figures 1 and 2 is also advanta- 

geously employed even when less than all three 
parameters are being measured. For example, si- 
multaneous measurement of temperature and pres- 
sure may be all that is necessary in certain ap- 

55 plications, the same sensor as illustrated in Figures 
1 and 2 being used for such an application by 
simply omitting the propagation of heating infrared 
radiation to the sensor. Similarly, the temperature 
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measurement may also be omitted simply by not 
providing the optical sensing layer 27 with the 
excitation or other radiation that it needs in order to 
provide a temperature optical signal. Of course, the 
temperature sensing layer 27 can be omitted from 5 
sensors where it is known that that quantity is not 
necessary. But it is unlikely that a sensor without a 
temperature measuring capability will have much 
usefulness since temperature is desirable at least 
for correcting for temperature effects of the pres- 10 
sure measurement made by reflecting light from 
the coating 25. 

Referring to Figures 6 and 7, an electro-optical 
instrument is schematically illustrated for simulta- ^ 
neously measuring all three parameters with the is 
sensor of Figures 1 and 2. An end 31 of the optical 
fiber 13 that is opposite to the end carrying the 
sensor 11 optically communicates with an optical 
system 33 of the measuring instrument of Figure J3. 
The optical system 33 includes three sources of 20 
light in different wavelength bands, one source for 
each of the parameters being measured. In princi- 
ple, three light sources could emit any of a wide 
range of spectral inputs. It is useful, however, that 
the wavelength of each be sufficiently different to 25 
allow easy discrimination. For example, a light- 
emitting diode 35, being controlled by circuits 37 to 
operate continuously during a measurement, emits 
light that it reflected from the coating 25 of the 
sensor 1 1 . In a specific example, the light is limited 30 
to the green region, its bandwidth 39 being illus- 
trated in Figure 7. 

For temperature measurements, a useful lu- 
minescent material in the layer 27 of the sensor 1 1 
requires use of a flashlamp 40 that is periodically 35 
pulsed by control circuits 41 , under control of tim- 
ing circuits 43. After passing through appropriate 
optics 45, the broad spectral output of the flash- 
lamp 40 is limited by a filter 47 to a deep blue or 
ultraviolet spectral range 49 illustrated in Figure 7. 40 

A third source is a diode laser 51 which emits 
pulses of energy, in response to control circuits 53, 
that are within the near infrared region of the spec- 
trum, as indicated by the bandwidth 55 of Figure 7. 
This is the source of the energy which is absorbed 45 
by the layer 29 of the sensor 11 for heating the 
sensor prior to the subsequent monitoring of the 
cooling of the sensor in order to determine heat 
conduction or flow of the fluid that surrounds the 
sensor 11. 50 

Light from these three sources travels along 
the optical fiber 13 from a series of three dichroic 
mirrors 57, 59 and 61. Each of these dichroic 
mirrors is optically tuned to reflect the bandwidth of 
a particular source while allowing radiation of other 55 
wavelengths to pass through it. Specifically, the 
dichroic mirror 57 is designed to reflect green light 
of the bandwidth 39 while allowing light 



wavelengths outside that band to pass through it. 
Thus, the green light from the L.E.D. passes as a 
beam 63 through a beam splitter 65 and then on to 
the mirror 57. 

The dichroic mirror 59 is optically tuned to 
reflect the luminescent material excitation 
wavelength range 49 while allowing longer 
wavelength radiation to freely pass through it. Mir- 
ror 61 is tuned to efficiently reflect infrared radi- 
ation within the band 55 while allowing shorter 
wavelengths to freely pass through it. Thus, the 
infrared output of the diode laser 51 is directed 
against the mirror 61 through appropriate optics 67. 

Two optical signals returned from the sensor 
1 1 by the optical fiber 13 are of interest. One such 
signal is the luminescent emission, indicated in 
Figure 7 to be within a red bandwidth range 69, 
which easily passes through each of the three 
dichroic mirrors as a beam 71. Appropriate optics 
73 direct the beam 71 through a band pass optical 
filter 75 and onto a detector 77. An electrical signal 
output of the detector 77 is processed by circuit 79 
in order to determine the temperature of the lu- 
minescent material 27 in the sensor 1 1 . 

The second signal of interest returned from the 
sensor is the reflection of the green light from the 
reflective spot 25 of the sensor 11. This light fol- 
lows the same path as the green source light 63, 
until it reaches the beam splitter 65 after having 
been reflected by the dichroic mirror 57. The beam 
splitter 65 is selected to transmit about one-half of 
the incident light against it, thereby reflecting the 
other half. Thus, about one-half of the intensity of 
the green light reflected by the sensor 11 is re- 
flected off the beam splitter 65 as a pressure 
optical signal 81. A spectral component of that 
signal is indicated at 82 in Figure 7. That optical 
signal is directed by optics 83 onto a detector 85, 
whose electrical signal output is applied to pro- 
cessing circuitry 87 for determining the pressure at 
the sensor 1 1 . 

A second signal, for comparison purposes, is 
also provided to the processing circuits 87, the 
second signal coming from a detector 89. The 
detector 89 is positioned to receive stray light 81 
that is reflected from the beam splitter 65 from the 
source 35. This stray light is of considerable inten- 
sity level since the beam splitter 65 is chosen to 
reflect about half of the light incident upon it. The 
pressure related signal from the detector 85 is 
compared to that from the detector 89, by ratioing 
or otherwise, within the processing circuits 87 in 
order to eliminate the effect that variations in the 
intensity of the source 35 might have on the re- 
flected light 81 which is being measured as an 
indication of the pressure at the sensor 11. Obvi- 
ously, it is desired that variations in the intensity of 
the light source 37 not be erroneously considered 



5 



9 



EP 0 392 897 A2 



10 



to be an indication of changes in pressure being 
detected by the sensor. Additionally, it may be 
desirable to eliminate from the reflected optical 
signal 81 the effect that bending of the fiber 13 
might have on the signal in certain circumstances, 
depending upon the level of accuracy that is de- 
sired. The effect of fiber bending can be deter- 
mined by including adjacent to f and attached to 
bend with, the fiber 13 another fiber that is not 
connected to the sensor 1 1 . Variations in transmis- 
sion of green light from the source 35 in this 
second fiber are then used to adjust, in the pro- 
cessing circuits 87, the pressure reading being 
made. 

The measurement of temperature by the pro- 
cessing circuit 79 is preferably the same as that 
describedi in aforementioned U.S. Patent No. 
4,652,343/. the disclosure of which is incorporated 
herein by- reference. Circuits 43 initiate the light 
source 40 to emit a pulse of light and then cause 
the processing circuit 79 to monitor decaying lu- 
minesced intensity detected by the detector 77 
that immediately follows the termination of that 
excitatiompulse. It is the time constant of the decay 
of the luminescent intensity in this time period that 
is measured as proportional to temperature. 

The measurement of temperature with the sen- 
sor 1 1 being maintained at the temperature of the 
surrounding material or fluid will, of course, give 
the temperature of the surroundings. When a mea- 
surements local heat or fluid flow is desired, the 
seRsor 1 1 : is heated by the timing circuits 43 first 
causing . an infrared pulse to be emitted by the 
source 53. An explanation of how such a technique 
operatessto determine flow is given in aforemen- 
tioned UJSL Patent No. 4,621.929. the disclosure of 
which isiftereby incorporated by reference. 

Therefore, the processing circuits 79 generate 
output signals providing an indication of tempera- 
ture and flow, which are then applied to a display 
95 -or some other desired read-out device. Simi- 
larly, the pressure reading from the processing 
circuits 87 is so applied to the display 95. 

Referring to Figure 3. a modification of the 
sensor 11 is shown, with corresponding elements 
needing no further explanation being indicated by 
the same- reference numbers as used by Figure 1 
but with; a prime (') being added. The main dif- 
ference- isi the elimination of a separate reflective 
coatingr25: The luminescent particles in the layer 
97 "are-chosen to be of a light color so that they are 
good i reflectors of visible light. Thus, the same 
threes parameters may be measured by a sensor 
with two -layers, using the same optical system as 
describediwith respect to Figures 6 and 7. 

M simplification in the optics and electronics 
can- further be employed, in cases where the lu- 
minescent: excitation light source 40 is stable 



enough, by using reflected excitation light for mea- 
suring pressure and thus being able to eliminate, 
the separate light source 35. In that case, a beam 
splitter is positioned in the path of the excitation 

5 light before it strikes the dichroic mirror 59 in order 
to redirect the reflected excitation light onto the 
detector 85. The use of the detector 89 for monitor- 
ing the light source intensity, for use by the pro- 
cessing circuits 87, would also be retained. 

w The sensors of Figures 1 and 3 are not appro- 

priate for measuring the temperature of liquid in 
which they are immersed since the compressible 
optical element 21 will have equal pressure on all 
sides. Therefore, in embodiments of Figures 4 and 

75 5. either of the sensors of Figures 1 or 3 is pro- 
vided with an additional element to form a sealed 
volume immediately around the sensor so that liq- 
uid will cause the element 21 to be compressed. 
In Figure 4, a cylindrical sleeve 99 is attached 

20 and sealed to the fiber 13. A flexible diaphragm 
101 is attached across an end opening of the 
sleeve 99 in order to seal within the sleeve a space 
103. A stiffening disk 105 is preferably attached to 
the diaphragm 101 in order to easily transfer pres- 

25 sure differentials between a surrounding liquid me- 
dium and the fluid within the entrapped chamber 
103 to a compressive force applied to the 
elastomeric optical element 21 . 

In Figure 5, an alternative embodiment accorn- 

30 plishes the same purpose. A cylindrical sleeve 107, 
which may be a capillary tube, is attached and 
sealed to the optical fiber 13. A sliding, piston-like 
element 109 is positioned in the open end of the 
sleeve 107 and is sealed to it by a liquid seal, such 

35 as oil, which allows it to move back and forth along 
the sleeve 107 in response to changes in relative 
pressure external to the sensor and within a cham- 
ber 1 1 1 . 

Although various aspects of the present inven- 

40 tion have been explained with respect to specific 
examples thereof, it will be understood the inven- 
tion is entitled to protection within the full scope of 
the appended claims. 

Further, applicant considers as its invention, or 

45 inventions, all novel, non-obvious subject matter 
which is disclosed in this application, and, further, 
all known equivalents thereto, and expressly re- 
serves the right to submit additional claims of vary- 
ing scope, which may be narrower or broader than 

so the claims initially filed, drawn to ail aspects of the 
disclosed subject matter and equivalents, even if 
said subject matter was not set forth in the claims 
as initially filed, and further reserves the right to 
amend the claims as initially filed to render them 

55 broader or narrower by deleting or adding recita- 
tions to said claims as initially filed. 
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Claims 

1 . A measuring system, comprising: 

a length of an optical fiber transmission medium 
having first and second ends, 
a sensor carried by first end of said medium, said 
sensor including a quantity of substantially optically 
transparent elastomeric material having a non- 
planar surface extending away from said one me- 
dium end and characterized by changing its cur- 
vature in response to being compressed by force 
directed against it. and a flexible layer of optically 
reflecting marerial attached to at least a portion of 
said non-planar surface in a position that is in 
optical communication with said medium through 
its said one end, 

means provided at said second end of said me- 
dium for transmitting optical radiation along the 
length of said medium against said reflective layer, 
whereby at least some of said optical radiation is 
reflected by said layer back along said medium to 
its said first end, and 

means provided at said second end of said me- 
dium for detecting a level of said reflected radi- 
ation, thereby measuring a displacement of said 
reflective layer, whereby the force or pressure ap- 
plied to said sensor may be determined. 

2. The system according to claim 1 wherein 
said detecting means additionally comprises: 
means provided at said second end of said me- 
dium for detecting the level of optical radiation 
from said radiation transmitting means that enters 
said medium at said second end, and 

means provided at said second end of said me- 
dium for comparing the level of said reflected radi- 
ation with the level of radiation being transmitted 
along said medium. 

3. The system according to claim 1 wherein 
the non-planar surface of said quantity of 
elastomeric material of said sensor includes a con- 
vex shape, and wherein said elastomeric material is 
solid and attached to said first end of said medium. 

4. The system according to claim 3 wherein 
said medium consists of a single optical fiber. 

5. The system according to claim 4 wherein 
the reflective material is generally circular in shape 
and positioned substantially symmetrically about a 
longitudinal axis of said single optical fiber in a 
manner to occupy only a portion of the field of view 
of said fiber through its said second end, and 
wherein a quantity of material characterized by 
changing a detectable optical characteristic in re- 
sponse to a changing parameter other than dis- 
placement, force or pressure is positioned as part 
of said sensor in another non-overlapping portion of 
said fiber field of view. 

6. The system according to claim 5 wherein 
said changing parameter is temperature. 



7. The system according to claim 6 wherein 
said quantity of material includes a luminescent 
material. 

8. The system according to claim 1 wherein 
s the reflective material layer of said sensor includes 

a solid area positioned to occupy only a portion of 
the field of view of said medium through its said 
second end, and wherein a quantity of material 
characterized by changing a detectable optical 

w characteristic in response to a changing parameter 
other than displacement, force or pressure is posi- 
tioned as part of said sensor in another non-over- 
lapping portion of said field of view, and further 
wherein said system additionally comprises means 

75 provided at said second end of said medium for 
detecting said optical characteristic simultaneously 
with detecting said displacement. 

9. The system according to claim 8 wherein 
said parameter is temperature. 

20 10. The system according to claim 8 wherein 

said optical radiation transmitting means includes 
means for restricting said radiation to a first 
wavelength range, and further wherein said optical 
characteristic detecting means includes means 

25 communicating with said other parameter quantity 
of material over said medium in a wavelength 
range substantially non-overlapping with said first 
wavelength range. 

11. The system according to claim 8 wherein 
30 said quantity of material includes a luminescent 

material. 

12. The system according to claim 8 wherein 
the non-planar surface of said quantity of 
elastomeric material of said sensor includes a con- 

35 vex shape, and wherein said elastomeric material is 
solid and attached to said first end of said medium. 

13. The system according to claim 9 wherein 
said other material is further characterized by being 
substantially transparent to radiation in the infrared 

40 range, which additionally comprises a layer of in- 
frared radiation absorbing material carried by said 
quantity of material on a side thereof removed from 
said elastomeric material, and further wherein said 
system additionally comprises means provided at 

45 said second end of said medium for directing in- 
frared radiation to said sensor along said medium. 

14. The system according to claim 1 which 
additionally comprises means connected to said 
reflected radiation detecting means for measuring 

so the pressure against said sensor. 

15. The system according to claim 1 wherein 
said sensor additionally includes means forming a 
sealed volume around said elastomeric and reflec- 
tive materials for causing said elastomeric material 

55 to be compressed an amount proportional to a 
differential pressure between that of said volume 
and that of its surroundings. 

16. The system according to claim 1 wherein 
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said sensor reflective material includes luminescent 
material characterized by emitting temperature pro- 
portional radiation in a first wavelength range when 
excited by radiation in a second substantially non- 
overlapping wavelength range, and further wherein 
said radiation transmitting means is characterized 
by transmitting radiation within said second 
wavelength range but not said first wavelength 
range, said system additionally comprising means 
provided at said second end of said medium for 
detecting a level of said luminescent material emit- 
ted radiation, whereby temperature may be mea- 
sured by said sensor simultaneously with a mea- 
surement of force or pressure. 

17. A system for optically measuring at least 
first and second parameters, comprising: 
a: length of an optical fiber transmission medium 
having first and second ends, 
a sensor carried by said first end of said medium, 
said sensor including: 

a quantity of a solid, substantially optically trans- 
parent elastomeric material having a convex sur- 
face extending away from said one medium end 
and characterized by changing its curvature in re- 
sponse to being compressed an amount propor- 
tional to force directed against it. 
aa flexible layer of optical radiation reflective ma- 
terial attached to a first portion of said convex 
surface that is in optical communication with said 
medium through its said one end, whereby the 
shape of said layer provides an indication of said 
first parameter, thereby leaving a second portion of 
said convex surface in optical communication with 
said medium through its said one end surrounding 
said reflective material, and 

means positioned on at least a portion of said 
second area for providing an optical indication of 
said second parameter, 

means provided at said second end of said me- 
dium for transmitting optical radiation along the 
length of said medium to said reflective layer, 
whereby an amount of said optical radiation propor- 
tional to said first parameter is reflected by said 
layer back along said medium to its said first end, 
means provided at said second end of said me- 
dium for detecting a level of said reflected radi- 
ation, thereby providing an optical signal propor- 
tional to said first parameter, and 
means provided at said second end of said me- 
dium for optically communicating with said second 
parameter optical indication means in a manner to 
provide an optical signal proportional to said sec- 
ond parameter. 

18. The system according to claim 17 wherein 
said second parameter is temperature, said sensor 
includes means positioned in thermal communica- 
tion with said second parameter optical indication 
means for absorbing infrared radiation, and addi- 



tionally comprising means provided at said second 
end of said medium for transmitting infrared radi- 
ation along said medium to said sensor, thereby 
being absorbed by said infrared radiation absorbing 
s means, whereby the measurement of said tempera- 
ture is proportional to a third parameter. 

19. The system according to claim 18 wherein 
said optical radiation transmitting means is char- 
acterized by transmitting said optical radiation with- 

10 in a first defined wavelength range, and said sec- 
ond parameter optical communication means is 
characterized by communicating over said optical 
fiber medium with said second parameter optical 
indication means within a second wavelength range 

75 that does not overlap said first defined wavelength 
range, neither of said first or second wavelength 
ranges overlapping with that of said infrared radi- 
ation. 

20. The system according to claim 17 wherein 
20 said optical radiation transmitting means is char- 
acterized by transmitting said optical radiation with- 
in a first defined wavelength range, and said sec- 
ond parameter optical communication means is 
characterized by communicating over said optical 

25 fiber medium with said second parameter optical 
indication means within a second wavelength range 
that does not overlap said first defined wavelength 
range. 

21. A sensor carried by an end of at least one 
30 optical fiber, said sensor comprising: 

a quantity of substantially optically transparent 
elastomeric material having a non-planar surface 
extending away from said one medium end and 
characterized by changing its curvature in re- 
35 sponse to being compressed by force directed 
against it, and 

a flexible layer of optical radiation reflective ma- 
terial attached to at least a portion of said non 
planar surface in a position that is in optical com- 
40 munication with said medium through its said one 
end. whereby an optically detectable shape of the 
reflective material changes as a force is applied to 
said sensor. 

22. The sensor according to claim 21 wherein 
45 the non-planar surface of said quantity of 

elastomeric material of said sensor includes a con- 
vex shape, and wherein said elastomeric material is 
solid and attached to said at least one optical fiber 
end. 

so 23. The sensor according to claim 21 wherein 

the reflective material layer includes a solid area 
positioned to occupy only a portion of the field of 
view of said optical fiber through its said end, and 
wherein a quantity of material characterized by 

55 exhibiting a detectable optical change as a function 
of temperature is positioned as part of said sensor 
in another non-overlapping portion of said field of 
view. 
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24. The system according to claim 23 wherein 
said sensor additionally comprises a layer of in- 
frared radiation absorbing material positioned in 
thermal contact with said temperature detecting 
material. s 

25. The system according to claim 21 wherein 
said sensor additionally comprises means forming 
a sealed volume around said elastomeric and re- 
flective materials for causing said elastomeric ma- 
terial to be compressed by an amount proportional w 
to a differential pressure between that of said vol- 
ume and that of its surroundings. 

26. A three parameter sensor carried by an 
end of a single optical fiber having a central lon- 
gitudinal axis, said sensor comprising: ts 
a substantially transparent elastomeric optical ele- 
ment attached to said fiber end and having a 
convex shaped surface extending away from said 
fiber end but being in optical communication there- 
with, 20 
a continuous flexible layer of optical radiation re- 
flective material attached to a portion of said sur- 
face, whereby an optically detectable shape of the 
reflective material changes as a force is applied to 
compress said elastomeric element, thereby to 2s 
sense a first parameter, 

a layer of material characterized by exhibiting a 
detectable optical change as a function of tempera- 
ture attached to at least a portion of said surface 
adjacent said reflective material, thereby to sense a 30 
second parameter, and 

a layer of infrared radiation absorbing material po- 
sitioned over at least said temperature detecting 
material layer and in thermal contact therewith, 
thereby allowing determination of a third parameter. 35 
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© A single sensor is provided as part of a fiberop- 
tic probe to measure up to three parameters, namely 
pressure (or force or displacement), temperature, 
and heat flow or fluid velocity. A solid elastomeric 
optical element is formed at the end of an optical 
fiber transmission medium, and adjacent light reflec- 
tive and temperature dependent materials are 
formed on the resulting convex surface of the optical 
element The amount of light reflected is proportional 
to the force or pressure against the element. The 
temperature dependent material is preferably a lu- 
minescent material. Over the luminescent material is 
formed a layer of material that is absorptive of 
infrared radiation, thereby allowing a determination 
of characteristics of heat or fluid flow by measuring 
the rate at which heat is carried away from the 
infrared heated layer. The sensor can be formed at 
the end of a single optical fiber, thereby having 
extensive applications where a very small sensor is 
required. One such application is a medical or clini- 
cal one, where the sensor is mounted in a catheter 
for providing pressure, flow and temperature of the 
blood in a blood vessel. 
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